There are many properties of scintillators that are of importance for application. One property is the energy resolution for the detection of γ-rays, and during past 20 years we witnessed enormous progress. The state of the art resolution for the detection of 662 keV γ photons was 5-6% at the end of the 20th century, and today scintillators with 2.2% resolution are commercially available. This work will provide a review on the development of high resolution chloride, bromide, and iodide based scintillators that occurred since the discovery of the LaCl 3 :Ce 3+ scintillator in 2000. Bandgap engineering and co-doping to eliminate afterglow or to improve proportionality have become new tools in optimizing scintillator performance. At the end of the review the prospects for the development of scintillators with resolution <2% are addressed together with new research strategies that might be required to accomplish that.
Introduction
The energy resolution is a key parameter of a scintillation detector, and in this work it will be defined as the full width at half maximum intensity of the total absorption peak of a γ-ray photon in a so-called pulse height spectrum. Fig. 1 shows the best ever recorded pulse height spectrum for the detection of γ-ray photons from a 137 Cs-source with a scintillation detector. It was obtained with a small Sr 2+ co-doped LaBr 3 :5%Ce 3+ scintillator coupled to a Hamamatsu super-bialkali photomultiplier tube [1, 2] . The total absorption peak at 662 keV shows an unpreceded energy resolution of 2.04%. Beside energy resolution, there are many other aspects of scintillators like scintillation speed, stopping power, production cost, timing resolution, type of application, type of activator (Ce 3+ , Eu 2+ , Tl + , Pr 3+ etc.), type of compound (oxides, halides, sulfides), crystal dimensions, afterglow, detection modalities (continuous mode or X-ray, γ-ray, thermal neutrons event mode) [3] . The aspects are clearly too many to cover in a single review. This work will limit to the quest for high resolution scintillators with a focus on what type of compounds and activators were studied together with the ideas and research strategies behind it. Back in 2002, Marvin Weber presented a review on the inorganic scintillators of "today and tomorrow" [4] , and as a tribute to his accomplishments in the field of luminescence and scintillation this work will start where he ended and will borrow now and then terminology and ideas from his review. Fig. 2 shows for example the history of scintillator discovery up to today. A similar figure was presented by Weber, and he distinguished three phases. Phase I is the early phase following Röntgen's discovery of X-rays and the discovery of α-particles beginning 1900. Scintillation light and pulses were detected with the human eye. The invention of the photomultiplier tube (PMT) around the 1940′ties triggered phase II. The most famous scintillator NaI:Tl + was discovered by Hofstadter [5, 6] in 1948. After 1960 industry was able to purify the rare earths to a degree that the lanthanides became available as luminescence center. Phase III from 1970 to 2000 covers the period where lanthanide activated scintillators were developed and crystal growth technology was able to synthesize high melting point oxide single crystals. During phase III the important scintillator Bi 4 Ge 3 O 12 (BGO) was discovered by Weber and Monchamp [7] in 1973, Gd 2 SiO 5 :Ce 3+ (GSO) by Takagi and Fukazawa [8] in 1983, Lu 2 SiO 5 :Ce 3+ (LSO) by Melcher and Schweitzer [9] in 1992, and LaCl 3 :Ce 3+ by van Loef et al. [10] in 2000.
In this work the materials and research strategies in what will be called phase IV in scintillator research and development will be reviewed. Phase III then ended with the discovery of LaCl 3 :Ce 3+ . During phase IV mostly lanthanide (Ce 3+ and Eu 2+ ) activated halide (chloride, bromide, iodide) compounds were developed and discovered. Also new research strategies like bandgap engineering and co-doping were used to improve the scintillator properties. The fundamental new insight that has been gained during phase IV will be addressed. In discussing strategies, this work will again follow Weber who distinguished three sorts of strategies in scintillation research; 1) the accidental discovery (serendipity), 2) the Edisonian approach of trial and error (cook and look), and 3) the rational design (enlightment). At the end of this review, some recent developments are addressed that may develop into new lines of research in the tomorrow phase V. Other reviews have appeared on scintillators during phase IV. Melcher in 2005 [11] addressed the drivers and strategies of future scintillator development that still apply to large extend today. reviewed the development of the Ce 3+ doped halide covering the period 2005-2015, i.e., large part of phase IV. It covers the development of the Ce 3+ and Eu 2+ doped halides, the garnet compounds, aluminum perovskite compounds, and the ortho-and pyro-silicates. Most recently in 2019, Maddalena et al. [14] presented an extensive review addressing traditional scintillators, lanthanide activated scintillators, scintillation mechanism and applications, and recent developments with the halide perovskite and nano-structured scintillators. Rather than updating these reviews, the focus will be in this work entirely on the energy resolution and research strategies to develop high resolution scintillators. Energy resolution appears to be highest for chloride, bromide, and iodide compounds and most research activity during phase IV went into that direction. This review will therefore limit to the halide family of compounds. Besides halides, many other scintillators were studied. To obtain a good overview, one may consult the crystal data base developed and maintained by Steven Derenzo et al. at the Lawrence Berkeley National Laboratory [15] where basic properties like density, light yield (photons/MeV), decay time, emission peak and energy resolution at 662 keV γ-detection together with references can be found. Within the halide family of compounds this review will, apart from few special cases, only address those compounds and reports that show energy resolution better than 10% at 662 keV.
The energy resolution of scintillators
One may distinguish three main contributions to the energy resolution R for γ-ray detection [16] [17] [18] .
where R stat is mainly determined by the standard deviation in the number (N dp ) of detected photons and R np is due to the non-proportional response of the scintillator. All the rest is contained in R in and includes a non-uniform response at different locations in the scintillator, non-uniformities in the light collection efficiency and light conversion efficiency in the photon detector. This contribution can be minimized by perfect crystal synthesis, perfect packaging technology and excellent photon detector properties. R stat is a fundamental characteristic of the scintillator with photon detector, and determined by Poisson statistics
stat dp (2) where v M ( ) is a contribution from the variance in the electron multiplication in e.g. the PMT or avalanche photodiode (APD). Clearly we need a high light output scintillator emitting at wavelengths where the quantum efficiency (QE) of the photon detector is maximal. The fundamental limit in N dp at 662 keV can be expressed as
where E VC the energy difference between the valence band (VB) top of conduction band (CB) bottom. The value of ≈2.5 arises from momentum conservation in the electron-electron interactions [19] . The best energy resolution of 2% measured for Sr 2+ co-doped LaBr 3 :5% Ce 3+ in Fig. 1 was obtained with a superbialkali photomultiplier tube detecting N dp = 24300 photons at 662 keV. With ≈ v M ( ) 0.27 [2] , Eq. (2) then predicts a fundamental statistical limit of 1.7%.
Even when = R 0 in , the statistical limit is never reached because of the so-called non-proportional response which means that the light yield of the scintillator is not proportional to the energy of the electrons that creates (parts of) the ionization track [17, 18] . This is shown for several scintillators in Fig. 3 as determined by monochromatic X-ray excitation [1, [20] [21] [22] . Here the scintillator response in ph/MeV as function of X-ray energy is shown relative to that at 662 keV. Only for the ideal response, R np will not contribute. NaI:Tl shows a strong positive deviation in the 10-100 keV region and LSO a strong negative deviation. The relatively poor resolution of 6-8% displayed by traditional scintillators like NaI:Tl + , CsI:Tl + , BGO, Lu 2 SiO 5 :Ce 3+ from phase II and III is all caused by such poor proportionality [17, 23] . The LaBr 3 :Ce 3+ scintillator discovered in 2001 by van Loef et al. [24] displays at least two times better resolution of 2.8%, and Fig. 3 shows a response that is much closer to the ideal one. A small addition of 50 ppm Sr 2+ dramatically improves the proportionality towards the ideal response with as consequence the unprecedented energy resolution of 2.04% in Fig. 1 .
Since R np appears a limiting factor, many research activities started around 2007 to gain better insight in the theory and processes responsible for non-proportionality, see e.g. Refs. [25] [26] [27] [28] [29] [30] [31] . Also many experimental studies were conducted to quantify the non-proportionality as function of electron energy [20] [21] [22] 32] , temperature [33] [34] [35] [36] , time [37, 38] , and co-dopant concentration [39, 40] . The results of all this work is the realization (enlightment) that non-proportionality is determined by many different mechanisms of radiation less recombination of free electrons with holes (quenching) that take place inside the ionization track on a ps time and nm length scale. Those quenching processes depend not only on ionization density and temperature, but also on defect concentration.
Phase IV in scintillation research
Phase 4 witnessed several discoveries that initiated 3 main lines of research as illustrated in Fig. 4. 1 [71] . By making solid solutions with yttrium, the properties were further improved to 4.4% resolution and 33000 ph/MeV. Table 4 and also [74, 75] and Cs 2 HfI 6 also demonstrates good scintillation properties [76, 77] .
Co-doped scintillators
The main dopant in impurity activated scintillators is always the carrier recombination or luminescence center. With co-dopants we generally mean additional dopants that are not active as luminescence center but have otherwise a positive effect on the scintillator properties. One may distinguish several functions; 1) co-doping to improve crystal growth yield and crystal properties, 2) co-doping to reduce afterglow, 3) co-doping as a charge compensator, 4) co-doping to affect the scintillation mechanism, 5) co-doping to affect the scintillation decay (to introduce e.g. particle discrimination modalities). Various references to where and how co-dopants have been used in scintillators can be found in Refs. [78, 79] . Here we will concentrate on co-dopants that affect energy resolution and light yield studied during phase IV.
Harrison et al. [80, 81] applied aliovalent co-doping to strengthen CeBr 3 and to improve ingot yields. Slight changes in emission and increase in fracture toughness were observed. Industry used similar method for LaBr 3 Above results and Table 5 demonstrate that scintillator resolution can often be improved by means of suitable co-dopants, and expectedly this line of research will remain active for each scintillator that has not reached its fundamental limit of resolution dictated by R stat in Eq. (1).
Below 2% energy resolution; phase V in scintillator research
In the 2018 prospect paper of Dujardin et al. [3] on the needs, trends, and advances in inorganic scintillators several challenges were formulated: 1) Energy resolution of 2-3% for energy discrimination in nuclear security and spectroscopy, 2) sub 100 ps timing resolution for next generation PET scanners in medical imaging and particle physics experiments, 3) high γ detection efficiency which means high density and high effective atomic number, and this all together with 4) low cost production techniques.
Since this review focusses on the first challenge one may ask what is the ultimate resolution achievable and what research strategies may lead to such scintillator? In the 2006 review paper of Krämer et al. [12] it was already predicted that the ultimate energy resolution for Ce 3+ doped compounds will be below 2%. It seems that seven years later with LaBr 3 :Ce 3+ ,Sr 2+ we have more or less reached that fundamental limit. The high light output, the total absence of self-absorption, and the engineered very good proportionality has led to 2% energy resolution for small sized scintillators. Industry managed to synthesize large LaBr 3 :Ce 3+ ;Sr 2+ scintillators maintaining excellent energy resolution of 2.2%. A first requirement to go below 2% is to have scintillators with ideal proportionality. Phase IV taught us that the nonproportionality can to some or even large extend be engineered by co-doping. It also taught us that iodides generally show very good proportionality. A second requirement is to have scintillators with a high photon yield, and then a small band gap, as expressed by Eq. (3), is crucial. Small band gap iodides that combine excellent proportionality with high light output have then highest potential. Indeed Tables 1 and 3 demonstrate that (2) predict an ultimate resolution of R = R stat = 1.6%. Apparently there is still room to go below 2%, and possibly with suitable co-dopants further progress can be made. However, the aspect of self-absorption of Eu 2+ emission will remain an issue the moment large crystals are synthesized. The energy resolutions listed in the various tables are all obtained with a photomultiplier tube which is not the most sensitive photon detector. The number of detected photons can be increased and therewith R stat decreased with Si-based photodetectors. Avalanche photodiodes (APDs) can reach 80-100% quantum efficiency. In theory with twice higher QE, R stat will be reduced by a factor of 1.4 which would imply an ultimate resolution near 1.2% for CsBa 2 I 5 . Of course this can only be reached when the noise contribution from the photon detector is negligible, when proportionality is ideal, and when crystal quality and light collection efficiency is perfect. To approach such limit we need to avoid the Eu 2+ self-absorption problem and to use an activator that emits in the red to infra-red in order to exploit the high QE of Sibased photon detectors. In other words we need other research strategies in phase V.
Small bandgap near infra-red emitting scintillators
NaI:Tl + is like CsI:Tl + so popular because it can be produced at low cost, but light yield, resolution, and proportionality for both compounds are far from optimal. Many efforts were put in improving NaI:Tl scintillators by co-doping. By adding Li + , the materials becomes thermal neutron sensitive which has led to a new industrial product for dual γ neutron spectroscopy. Khodyuk et al. [94] [97] . With APD and Si-PM readout, energy resolutions of 3.2% and 5.4% were obtained as shown in Fig. 6 . This first result is very encouraging and it may initiate a new strategy in scintillation research.
Perovskite scintillators
Scintillation properties of organic-inorganic methylamonium (MA) lead halide perovskites under proton irradiation were first reported by Shibuya et al. in 2002 [98] and the first γ-ray pulse height spectrum, although still with poor energy resolution, was reported on (C 6 H 5 (CH 2 ) 2 NH 3 ) 2 PbBr 4 by van Eijk et al. in 2008 [99] . Four years later the same family of materials becomes a hot topic for solar cell applications. In the family of Pb-perovskite halides, the life time of free charge carriers (electrons and holes) is very long enabling solar energy harvesting with 15% efficiency as demonstrated in 2012 by Lee et al. [100] . The same long carrier lifetime can also be utilized for solid state semi-conductor scintillation detection. By applying an electric field, the charge carriers are separated efficiently, and Wei et al. first demonstrated the detecting capability of continuous wave X-rays [101] . One year later the first 662 keV γ-ray pulse height spectrum with 6.5% resolution was presented [102] for CH 3 NH 3 PbBr 3 diluted with 6% Cl − . Crystals can be produced with wet chemistry from solution at room temperatures and at low cost. Because of the small band gap of 2.5-3 eV (verify) about 150000 electron hole pairs are created per MeV, and when this can be converted into photons in theory scintillators with < R 1% stat are possible. Birowosuto at al. [103] studied the scintillation properties of 3-D and 2-D layered perovskites under X-ray excitation. MAPbBr 3 emits at 550 nm and MAPBI 3 at 750 nm which is attributed to exciton emission near the band gap of the compounds. In this first generation of Pbhalide perovskites the emission is strongly quenched at room temperature and less than 1000 ph/MeV survive. At 10 K however intense emission is observed and [103] write about yields up to 200000 ph/ MeV. The quenching is attributed to the small e-h binding energy in the exciton that decreases for Cl to Br to I [104] . Interestingly one may replace the organic MA group with Cs + to obtain full inorganic CsPbX 3 halide perovskites. Depending on the Cl, Br, I content the triplet X-ray excited exciton emission can be tuned from 430 nm to 700 nm [105, 106] . One may also dilute Cs with Rb to obtain similar tuning [107] . Above very recent developments demonstrate that the organicinorganic and all inorganic Pb-halide perovskites have various interesting properties that may lead to an important phase V scintillator research initiative. The small band gap and expectedly good proportionality of especially the iodides with emission in the infrared then already meet many of the requirements for <2% resolution scintillators. The challenge is then to find suitable activators or dopants to capture and stabilize the triplet excitons. Additional advantage for this class of materials is the low cost of the wet chemistry production technique and the presence of Pb 2+ which provides it with good γ-ray stopping power.
New research strategies
With the studies on the Ce 3+ and Eu 2+ doped halides in phase IV of scintillator discovery, the compositional space of research was still limited. We deal with only one single dopant, and the amount of potential compounds was still manageable. A research strategy based on serendipity and on cook and look still sufficed. However, with the enlightment that scintillator performance can be much improved by 1) band gap engineering, 2) co-doping, and 3) energy transfer to other activators, the compositional space has become enormously large. This will require research strategies like a combinatorial approach to screen large number of compositions and/or rational design (enlightment) to select the most potential areas within the compositional space. During phase IV much progress was made to understand and predict the location of impurity levels within the band gap of compounds which to large or some extend enables rational design. Fig. 7 Fig. 9 with that of Fig. 8 , one may conclude that the VRBE in the lowest Ce 3+ 5d-level will always be close or above the CB-bottom of Bi 3+ based compounds. Indeed Ce 3+ emission has never been reported in Bi-based and also not in Pb-based compounds. The best changes to observe Ce 3+ emission in 6s 2 -based compounds is in Tl-compounds with small U-values. The compounds of Table 2 are precisely that family. Fig. 9 and similar for Pb 2+ and Tl + combined with diagrams like in Fig. 7 are not yet conclusive enough to arrive at a full rational design, however, they do provide a guide in what areas of the compositional space to search. Even more importantly it provides a guide in what areas not to search. We know for example that the chances to find lanthanide 5d-4f emission in the Pb-halide perovskite family of compounds are very small because the emitting 5d-level is-predicted always in the conduction band. From the field of luminescence and scintillation, a wealth of spectroscopic data is available in the archival literature on lanthanides, 6s 2 elements, transition metal elements etc. Part of that information was collected and analyzed during a time span of 20 years which led to various empirical models on lanthanide luminescence and to the theory and methods behind the stacked VRBE diagrams as in Fig. 7 . However, still only a fraction of information is collected, and one may expect more and better predicting models when a much larger effort is undertaken. A possible new strategy is then to exploit machine learning algorithms for retrieving predictive trends or materials design criteria from collected data [112] . First steps into that directions for band gap prediction were made by Zhuo et al. [113] and for scintillator discovery by Pilania et al. [114] .
Summary, conclusions and outlook
The quest for high resolution scintillators during Phase IV of scintillator research during past 20 years has been reviewed in this work. Resolution at 662 keV γ-detection has improved impressively with almost a factor of three from 5 to 6% down to 2%. We learned a lot about the non-proportional response, where it comes from and how it affects energy resolution. We also learned that scintillation properties can be improved a lot by band gap engineering with solid solutions and by the use of optically inactive co-dopants. When we look at the prospects of developing scintillators with below 2% energy resolution, theoretically 1.5% is feasible. To accomplish that we need high light output (>100000 ph/MeV) scintillators combined with 90-100% effective quantum efficiency Si-based detectors, and almost ideal proportionality. This dictates smaller than 4 eV band gap materials and new research strategies. How this will progress, we have to experience what phase V will eventually lead to.
